Abstract-Intimal-medial thickening of the carotid wall is considered an early marker of atherosclerosis. Endothelial function is impaired in the presence of various cardiovascular risk factors that are implicated in the pathogenesis of atherosclerosis. To evaluate the relationship between vascular reactivity and carotid intimal-medial thickening, in 44 (meanϮSD age, 45.7Ϯ8.8 years; range, 28 to 60 years; 31 men and 13 women) patients with essential hypertension who had never been treated and whose history of increased blood pressure was no longer than 12 months, we evaluated several parameters: intimal-medial thickening of the common carotid arteries (by B-mode ultrasound); forearm vascular response (by strain-gauge plethysmography) to intrabrachial infusion of acetylcholine (0.15, 0.45, 1.5, 4.5, and 15 g/100 mL forearm tissue per minute), an endothelium-dependent vasodilator, or sodium nitroprusside (1, 2, and 4 g/100 mL forearm tissue per minute), an endothelium-independent vasodilator; calculated minimal forearm vascular resistances (the ratio between mean arterial pressure and maximal forearm vasodilation induced by 13 minutes of ischemia and 1 minute of exercise); and left ventricular mass index (on echocardiography profile). Carotid wall intimal-medial thickening showed a significant (PϽ0.001) inverse correlation with vasodilation to acetylcholine (rϭϪ0.58) and age (rϭϪ0.40), whereas no correlation was observed with the response to sodium nitroprusside or with minimal forearm vascular resistances, left ventricular mass index, systolic and diastolic blood pressures, and plasma cholesterol and glucose levels. Moreover, vasodilation to acetylcholine showed no correlation with minimal forearm vascular resistances or left ventricular mass index. Although comparison of different vascular "districts," such as the forearm microcirculation and carotid artery, does not allow for a conclusive interpretation, the present data indicate that in patients with essential hypertension, carotid wall thickening is associated with reduced endothelium-dependent vasodilation and suggest that endothelial dysfunction might be involved in early arterial structural alterations.
1
Probably the most important mechanism by which essential hypertension acts as a cardiovascular risk factor is the induction of atherosclerosis. 1 However, the pathological events leading from high BP to atherosclerotic lesions are still to be fully clarified.
It is well documented that functional or morphological alterations of endothelial cells appear to be critical to the evolution, progression, and clinical manifestation of atherosclerotic vascular disease. 2, 3 In addition, endothelial dysfunction has been documented in the presence of atherosclerotic lesions, 4 and it predicts the development of atherosclerotic lesions in epicardial vessels of cardiac transplant patients. 5 Moreover, endothelial dysfunction has also been documented in the presence of different cardiovascular risk factors involved in the pathogenesis of atherosclerosis itself, such as hypertension, 6 -9 aging, 9,10 menopause, 10 hypercholesterolemia, 11, 12 diabetes mellitus, 13, 14 and smoking. 15 In recent years, ultrasound imaging of the extracranial carotid arteries has been extensively used to detect early arterial wall abnormalities. Moreover, IMT of the carotid wall has been considered an early marker of atherosclerosis 16 and a possible index of coronary artery atherosclerosis. 17 The aim of the present study was to evaluate the relation between carotid wall IMT with different functional and structural cardiovascular parameters and humoral factors in patients with essential hypertension. Moreover, to better clarify the link between essential hypertension and induction of atherosclerosis, we avoided confounding factors, such as previous pharmacological antihypertensive treatment or the frequently encountered impossibility of ascertaining the duration of hypertensive disease. Therefore, in the present study, we selected only those patients who had never been treated and who had a documented history of essential hypertension no longer than 12 months.
Methods

Patients
The study population included 30 normotensive subjects (20 men and 10 women) and 44 patients with essential hypertension (31 men and 13 women). Subjects with marked hypercholesterolemia (total cholesterol Ͼ6.2 mmol/L), a heavy smoking habit (Ͼ10 cigarettes/ d), diabetes mellitus, cardiac or cerebral ischemic vascular disease, impaired renal function, and other major pathologies were excluded from the study. In accordance with institutional guidelines, the protocol was approved by the ethics committee of the University of Pisa. All patients were aware of the investigational nature of the study and gave their written consent.
Essential hypertension patients were recruited with the collaboration of 10 general practitioners working in the city of Pisa. The practitioners were asked to enroll patients with recent-onset essential hypertension (no more than 12 months). It is worth noting that patients were enrolled only if they reported a history of periodic BP measurements. This criterion excluded the possibility of detecting hypertension that corresponded to the first BP measurement in a patient's life, which would have led to difficulty in ascertaining the time of onset of hypertensive disease. In all cases, subjects were characterized by the presence of a positive family history of essential hypertension and a supine arterial BP (after 10 minutes of rest) consistently Ͼ140/90 mm Hg, as measured by mercury sphygmomanometer three times at 1-week intervals. Secondary forms of hypertension were excluded as follows: renovascular disease was excluded in most cases by renal artery color Doppler echography, whereas in 16 of 44 patients, renal angiography was performed; renal parenchymal diseases was ruled out by the normality of serum creatinine levels, urine examination, and renal echotomography; primary aldosteronism was ruled out by the absence of hypokalemia and the normality of plasma renin activity and aldosterone; pheochromocytoma was ruled out by the normality of plasma catecholamine levels and the absence of an adrenal or abdominal mass on echotomography. Mean age was 45 
Drugs
Ach HCl (Farmigea SpA) and SNP (Malesci) were obtained from commercially available sources and freshly diluted to the desired concentration by adding normal saline. SNP was dissolved in glucosate solution and protected from light with aluminum foil.
Experimental Procedures
Each subject underwent the following examinations: B-mode ultrasound imaging of the carotid artery, echocardiographic examination, and FBF studies.
Carotid Artery B-Mode Ultrasound Imaging
High-resolution B-mode ultrasound examination of the carotid arteries was performed with a Biosound 2000 IISA with a 7.5-MHz transducer. Sonography and readings were carried out by trained and certified sonographers with regular quality-control checks (Division of Vascular Ultrasound Research, Bowman Gray School of Medicine of Wake Forest University), as previously described by Crouse et al. 18 Patients were examined in the supine position, and each carotid wall and segment was examined independently from continuous angles to identify the thickest intimal-medial site. Each scan of the common carotid artery began just above the clavicle, and the transducer was moved cephalad past the bifurcation and along the internal carotid artery. Three segments were identified on each side: the distal 1.0 cm of the common carotid proximal to the bifurcation, the bifurcation itself, and the proximal 1.0 cm of the internal carotid artery. At each of the three segments for both near and far walls in the left and right carotid arteries, the sonographer identified two interfaces: on the near wall, the first interface (interface 2) was the adventitial-medial boundary, and the second (interface 3), the intimal-luminal boundary; on the far wall, the first interface (interface 4) was the luminal-intimal boundary, and the second (interface 5), the medial-adventitial boundary. Thus, the distances between interfaces 2 and 3 and between 4 and 5 define the IMTs on the near and far walls, respectively. When these interfaces had been imaged distinctly, the sonographer reduced the gain and time-gain control settings to as low as possible to decrease artifacts; the video images that included the maximum near-and far-wall IMTs at each of the 12 segments were then recorded. Images were transcribed onto SVHS 1 ⁄2-in. videotape. Frames that identified the maximum near-and far-wall IMTs within each segment were interfaced to a high-resolution monitor, and maximum wall diastolic (minimal carotid diameter) thickness was calculated at each site. Under our experimental conditions, the variability of measurements was 7.9Ϯ0.3%. For this study, the mean of the aggregate of all 12 sites and the maximum of all 12 sites were calculated. Because of the highly significant correlation between these two parameters (rϭ0.83, PϽ0.0001), the analysis was performed with only the maximum thickness of all 12 sites.
Patients with an IMT Ͻ1 mm were considered normal, patients with an IMT between 1 and 1.3 mm were considered to have wall thickening, and patients with an IMT Ͼ1.3 mm were considered to have plaque. 18, 19 The operator (L.D.V.) was blinded with respect to the results of other evaluations.
Echocardiographic Evaluation
Echocardiograms (SIM 500, Esaote Biomedica) were performed from parasternal and apical windows with the subjects in the left lateral decubitus position. An ECG tracing with an easily discernible QRS complex was chosen. The dimensions of the left ventricle, septum, and posterior wall were obtained at the beginning of the QRS complex, with the ultrasound beam passing through the left ventricle at the level of the tips of the mitral valve leaflets. Following the recommendations of the Penn Convention, we measured (in centimeters) the diastolic thickness of the left interventricular septum and left ventricular posterior wall, as well as the diastolic dimension of the left ventricular chamber; these measurements were inserted into the mathematical model for the prediction of LVMI according to Devereux et al. 20 The operator (V.D.L.) was blinded with respect to the results of other evaluations.
FBF Studies
All studies were performed at 8 AM after an overnight fast, with the subjects lying supine in a quiet, air-conditioned room (22°C to 24°C). A polyethylene cannula (21 gauge, Abbot) was inserted into the brachial artery under local anesthesia (2% lidocaine) and connected through stopcocks to a pressure transducer (model MS20, Electromedics) for systemic mean BP (1/3 pulse pressureϩdiastolic pressure) and heart rate (model VSM1, Physiocontrol) monitoring and for intra-arterial infusions. FBF was measured in both forearms (experimental and contralateral forearm) by strain-gauge venous plethysmography (LOOSCO, GL LOOS). 21 Circulation to the hand was excluded 1 minute before FBF measurement by inflating a pediatric cuff around the wrist at suprasystolic blood pressure. Details concerning the sensitivity and reproducibility of the method as performed in our laboratory have already been published. 22 Forearm volume was measured according to the water-displacement method, and drug infusion rates were normalized for 1 dL of tissue by adjusting the concentration of the stock solution to the
Selected Abbreviations and Acronyms
Ach ϭ acetylcholine BP ϭ blood pressure FBF ϭ forearm blood flow IMT ϭ intimal-medial thickening LVMI ϭ left ventricular mass index MFVR ϭ minimal forearm vascular resistance SNP ϭ sodium nitroprusside desired infusion rate. Drugs were infused at systemically ineffective rates through separate ports via three-way stopcocks. The operator (A.V.) was blinded with respect to the results of other evaluations. Endothelium-dependent vasodilation was estimated by performing a dose-response curve to intra-arterial Ach (cumulative increase of the infusion rates were 0.15, 0.45, 1.5, 4.5, and 15 g per 100 mL of forearm tissue per minute for 5 minutes at each dose). Endotheliumindependent vasodilation was assessed with a dose-response curve to intra-arterial SNP, a direct smooth muscle cell relaxant compound, 23 (cumulative increase by 1, 2, and 4 g per 100 mL of forearm tissue per minute for 5 minutes at each dose). These rates were selected to induce vasodilation comparable to that obtained with Ach.
MFVRs were calculated as the ratio between maximal postischemic FBF increase (after 13 minutes of ischemia plus 1 minute of dynamic hand exercise) and intra-arterial mean arterial pressure, as previously described. 24 The sequence of the experimental interventions was randomized, and a 45-minute recovery period was allowed between the three experimental steps.
Data Analysis
Results are expressed as meanϮSD. Differences between means in Table 1 were analyzed by Student's t test for unpaired data. FBF data were analyzed as absolute values by ANOVA for repeated measures; Scheffé's test was applied for multiple comparison testing. Differences were considered statistically significant at PϽ0.05.
Interactions between carotid wall thickening and forearm vasodilation to Ach, SNP (considered as the maximum effect), age, BP, LVMI, MFVR, plasma total cholesterol, and plasma HDL and LDL cholesterol were calculated by both simple correlation and multiple regression analyses.
Results
The baseline systemic demographic, hemodynamic, and humoral characteristics for normotensive subjects and essential hypertension patients are summarized in Table 1 . No difference was found between the two groups, with the exclusion of BP values. The mean carotid maximal IMT was 1.0Ϯ0.1 mm in normotensive subjects and 1.2Ϯ0.3 in essential hypertension patients (PϽ0.01 versus normotensives). According to the results of the carotid scanning, hypertensive patients were divided into three groups: (1) nϭ13 patients were found to be normal (ie, an IMT of 0.9Ϯ0.1 mm); (2) nϭ20 patients had IMT thickening (IMT of 1.2Ϯ0.1 mm); and (3) nϭ11 patients had plaque (IMT of 1.6Ϯ0.2 mm). These subgroups of hypertensive subjects presented no differences in the hemodynamic and humoral characteristics considered (Table 2) .
Ach caused dose-dependent vasodilation, which was shown to be significantly blunted in essential hypertension patients compared with normotensive subjects (FBF rose (Figure 1 ). In contrast, the response to SNP was similar in controls and hypertensive patients (FBF rose from 3.6Ϯ0.4 to 27.9Ϯ3.6 and 3.4Ϯ0.6 to 26.5Ϯ4.3 mL per 100 mL of forearm tissue per minute, respectively) ( Figure 1 ). When the response to Ach was also examined in the three subgroups of hypertensive patients, it was found that endothelium-dependent vasodilation was significantly lower in essential hypertension patients with thickening (FBF rose from 3.4Ϯ0.5 to a maximum of 21.9Ϯ3.1 mL per 100 mL of forearm tissue per minute) and plaque (FBF rose from 3.4Ϯ0.7 to a maximum of 17.9Ϯ3.7 mL per 100 mL of forearm tissue per minute) than in hypertensive patients with a normal IMT (FBF rose from 3.2Ϯ0.6 to a maximum of 29.6Ϯ5.2 mL per 100 mL of forearm tissue per minute; PϽ0.05) (Figure 2 ). However, in the normal IMT subgroup, the vasodilating effect of Ach was still lower than that in normotensive subjects (PϽ0.05). The response to SNP was still similar in the three hypertensive subgroups (for normal IMT, FBF rose from 3.4Ϯ0.5 to a maximum of 27.8Ϯ4.3; for those with thickening, FBF rose from 3.5Ϯ0.4 to a maximum of 26.4Ϯ3.6; and for those with plaque, FBF rose from 3.6Ϯ0.6 to a maximum of 24.2Ϯ3.5 mL per 100 mL of forearm tissue per minute) ( Figure 2 ). In normotensive subjects, no significant correlation was found between carotid IMT and the response to Ach or SNP (rϭϪ0.10, PϭNS and rϭϪ0.08, PϭNS, respectively). In essential hypertension patients, a significant inverse correlation was found between carotid artery IMT and Achinduced forearm vasodilation, as evaluated in terms of FBF response to the highest infusion rate of the agonist (15 g per 100 mL of forearm tissue per minute; rϭϪ0.58, Pϭ0.0003) (Figure 3 ), whereas no correlation was observed with the response to SNP (FBF response to the highest infusion rate (4 g per 100 mL of forearm tissue per minute, rϭϪ0.06, PϭNS). Age was positively and significantly correlated with carotid artery IMT (rϭ0.40, Pϭ0.022) (Figure 3 ) and inversely and significantly with the maximal response to Ach (rϭϪ0.51, Pϭ0.001).
In addition, no correlation was observed between carotid artery IMT and systolic (rϭϪ0.05, PϭNS) or diastolic (rϭϪ0.2, PϭNS) BP. However, when the data from essential hypertension patients were considered together with data from normotensive subjects, a positive correlation was observed between IMT and systolic (rϭ0. 39 
Discussion
At the present time, B-mode ultrasonography is extensively used to detect early structural changes in carotid arteries because the thickening process in these areas is considered a prognostic marker for the development of atherosclerosis 16 and appears to correlate with coronary lesions. 17 In the present study, we tested the possible existence of a relationship between early structural changes in carotid arteries and endothelial dysfunction in essential hypertension patients. Given the possibility that regression or induction of cardiovascular alterations, whether structural or functional, could be caused by long-term pharmacological treatment or different duration of hypertension, [25] [26] [27] [28] the present study was designed to recruit never-treated essential hypertension patients with a sufficiently accurate determination of disease onset. To pursue this aim, we cooperated with general practitioners who were asked to recruit subjects known to be undergoing measurement of BP values at least once every 6 months. Only subjects whose documented report of high BP values was no longer than 1 year were then enrolled.
Following these inclusion criteria, we selected a fairly homogeneous study population represented by never-treated essential hypertension patients with a short duration of the disease. Moreover, apart from high BP, the hypertensive patients studied were characterized by normal glucose and lipid profiles and a moderate prevalence of smoking history. In line with previous evidence, 5-9 these patients showed endothelial dysfunction because vasodilation to Ach but not to SNP was found to be reduced compared with that of normotensive control subjects. However, the interesting finding of the present study is that when essential hypertension patients were divided into three subgroups according to the different carotid IMT findings, the response to Ach, while still impaired in patients with a normal IMT compared with normotensive patients, showed a further significant reduction in patients with thickening of the carotid artery and an even greater reduction in patients with plaque. Because the vasodilating effect of SNP proved to be similar in the three subgroups of hypertensive patients, the present results indicate that IMT of the extracranial carotid arterial wall is associated with blunted endothelium-dependent vasodilation in essential hypertension. This hypothesis is reinforced by the finding that in this study population of essential hypertension patients, carotid IMT showed a negative and significant correlation with maximal response to Ach but not to SNP. In contrast, carotid IMT of the control subjects showed no correlation with vasodilation to Ach.
Finally, in essential hypertension patients, the response to Ach was not correlated with the calculated MFVR or LVMI, which are indexes of arteriolar 29 and cardiac 28 structural alterations, respectively. Moreover, no correlation was found between IMT of the carotid arteries and LVMI or MFVR. These results suggest that in our study population of never-treated essential hypertension patients with a relatively low cardiovascular risk, there is a possible link between endothelial dysfunction and early structural changes of a large conduit artery, such as the carotid. On the other hand, the lack of correlation between endothelial dysfunction and MFVR or LVMI suggests that such alterations could be determined by different mechanisms. This possibility is in agreement with the evidence that blunted endothelium-dependent vasodilation is a "primitive" phenomenon and not secondary to the development of hypertension because this response is present in the normotensive offspring of essential hypertension patients, 30 shows no significant correlation with BP values, 9, 31 and is not reversed by BP normalization. 32, 33 In contrast, cardiac and microvascular structural alterations seem to be more closely related to BP values. 26, 28 The lack of correlation between carotid IMT and LVMI is at variance with previous reports. 34, 35 However, the discrepancy can be explained by the fact that in the article by Roman et al, 34 the study population included both normotensive and hypertensive patients in the analysis, with a wide range of LVMI values. Moreover, the study of Cuspidi et al 35 also considered patients with concentric remodeling.
Taken together, the present findings suggest that a dysfunctional endothelium can be a predisposing factor to the development of atherosclerosis. If this is the case, it is worth noting that the subgroup of essential hypertension patients with a normal carotid IMT was characterized by a response to Ach that was significantly lower than that observed in normotensive controls. It is therefore conceivable that a certain degree of endothelial dysfunction is necessary to observe a detectable association with atherosclerosis. However, another possible explanation for the latter result could lie in the major limitation of the present study, namely, the comparison of two different vascular districts, the forearm and carotid vasculature, with different structures (microcirculation and large arteries, respectively). The forearm vasculature is not usually affected by atherosclerosis; in addition, vascular reactivity in the microcirculation is sometimes different from that observed in large arteries. 36 It is therefore crucial to avoid conclusive statements, and further studies are needed to provide more detailed confirmation of the association between endothelial dysfunction and early development of atherosclerosis in the carotid arteries.
The mechanism through which a dysfunctioning endothelium could promote atherosclerosis is related to the evidence that endothelial dysfunction is caused by an alteration in the L-arginine-NO pathway, 37 leading to a reduction of NO bioavailability. 38 NO appears to be not only a potent vasodilator but also an endogenous inhibitor of platelet aggregation, 39 vascular smooth muscle cell growth and migration, 40, 41 leukocyte adhesion, 42 and adhesion molecule expression. 43 It is clear that an alteration in the L-arginine-NO pathway may reduce this potentially antiatherosclerotic activity. In addition, a dysfunctional endothelium can also produce prostanoids such as thromboxane A 2 , which causes vasoconstriction and platelet aggregation, 44 and/or oxygen free radicals, which can destroy NO 45 and cause vascular damage. 46 Of relevance is the finding that in the aorta and carotid artery of spontaneously hypertensive rats, endothelial dysfunction is associated with monocyte/macrophage infiltration, 47 suggesting that endothelial activation could constitute an early event in hypertension, leading to both increased monocyte adherence and chemotaxis and abnormal production of endotheliumderived constricting factors. Alternatively, the monocytes/ macrophages might themselves secrete constricting factors or further activate endothelial cells. In conclusion, it may be suggested that in essential hypertension, the mechanisms causing endothelial dysfunction can potentially lead to atherosclerosis. This hypothesis seems to be confirmed by the finding that an impairment in the NO system is not an exclusive characteristic of essential hypertension. 37, 38 It has also been demonstrated in the presence of the majority of cardiovascular risk factors, such as aging, 48 hypercholesterolemia, 12 diabetes, 13 and smoking, 15 all pathological conditions characterized by an increased predisposition to the development of atherosclerosis. As a final speculation, it is possible that the increased wall thickness may impair diffusion of endothelial vasoactive substances to smooth muscle cells, thereby impairing endothelium-dependent vasodilation. However, this hypothesis seems to be indirectly excluded by the results with SNP. This compound acts directly on smooth muscle as NO source cells, and no different effect was observed in normotensive subjects or essential hypertension patients with normal IMT compared with hypertensive patients with plaque.
Another major factor to be considered is the role of aging. The present study confirms previous evidence indicating a positive correlation between IMT of the carotid artery and aging. 34, 36 There is also a well-documented association between advancing age and impaired endothelium-dependent vasodilation. 9 -11 Thus, aging itself could be the main phenomenon involved, leading in a parallel manner to both the development of carotid structural alterations and impaired endothelium-dependent vasodilation. An alternative possibility is that the summation of the simultaneous negative effects of aging and hypertension could result in more pronounced impairment of endothelial function, thereby leading to atherosclerosis. The consideration that our study population was represented by essential hypertension patients with very low cardiovascular risk points to the possibility that aging could play a key role in explaining the association between carotid artery structural alterations and endothelial dysfunction. However, even after accounting for the role of aging, the inverse relationship between the response to Ach and IMT remained statistically significant.
Finally, in these essential hypertension patients, we found no correlation between carotid IMT and other important atherosclerosis risk factors, such as high BP and unfavorable glucose and lipid profiles, a result that is at variance with several previous observations. 36, 49, 50 A likely explanation could be the fact that, in accordance with the enrollment criteria, the present study population was characterized by the presence of high BP values as the only major cardiovascular risk factor. Thus, glucose and lipid profiles not only were within the normal range but also had a minimum range of variation. Therefore, these experimental conditions are probably inadequate to detect an association between these risk factors and carotid IMT. This possibility is reinforced by the evidence that analysis of the relationship between BP values and IMT in the entire study population (normotensives plus hypertensives, characterized by a larger range of BP values) showed a positive correlation between the parameters considered.
In conclusion, the present study indicates an association between carotid artery IMT and impaired endothelium-dependent vasodilation. Whether these vascular alterations are casually associated or indicate a causal relationship between endothelial dysfunction and development of atherosclerosis in essential hypertension remains to be established.
